We present theoretical and experimental investigations of the magnetism of paramagnetic semiconductor CdSe:Mn nanocrystals and propose an efficient approach to the exposure and analysis of the underlying anti-ferromagnetic interactions between magnetic ions therein. A key advance made here is the build-up of an analysis method with the exploitation of group theory technique that allows us to distinguish the anti-ferromagnetic interactions between aggregative Mn 2+ ions from the overall pronounced paramagnetism of magnetic ion doped semiconductor nanocrystals. By using the method, we clearly reveal and identify the signatures of antiferromagnetism from the measured temperature dependent magnetisms, and furthermore determine the average number of Mn 2+ ions and the fraction of aggregative ones in the measured CdSe:Mn nanocrystals.
Magnetic ion doped semiconductor nanocrystals (NCs) have persistently drawn increasing attention over years owing to their application potential in spintronics and nano-magnetics. [1] [2] [3] [4] In general, the magnetism of a semiconductor NC doped with iso-electronic magnetic ion dopants, e.g. CdSe:Mn NCs, is established mainly by the paramagnetism of magnetic ion dopants themselves, which are yet possibly subjected to additional anti-ferromagnetic (AFM) interactions if some of them are aggregated. [5] [6] [7] [8] [9] [10] Such an anti-ferromagnetism underlying in a paramagnetic semiconductor is however difficult to be fully exposed since it is significant only between nearest neighbour (NN) magnetic ions, [10] [11] [12] being a portion of randomly distributed magnetic ion dopants, and likely smeared out by the overall paramagnetism. Nevertheless, the AFM interactions between magnetic ions in magnetic semiconductors have been extensively thought to significantly affect the magnetic features, including the reduced effective Mn concentration, 13, 14 fast spin relaxation, 15 and low Curie temperature in the ferromagnetic phase. [16] [17] [18] [19] As a common observed magnetic feature, the number of substitutional magnetic ions in a magnetic semiconductor NC estimated from the measured magnetization is usually lower than the real supplied amount of magnetic ion dopants. Such a discrepancy could be simply attributed to the loss of magnetic ion dopants in the synthesis processes but also possibly results from the underlying AFM. To reveal the latter origin, one must be able to identify the statistical distribution of the magnetic ions, or at least to distinguish the weakly interacting distant magnetic ions and the aggregative ones that are interacting anti-ferromagnetically. Yet, such a delicate consideration for magnetic ion dopants statistically distributed in a NC is actually difficult to achieve both experimentally and theoretically.
Practically, one often mixes the two kinds of magnetic ions (both of spatially apart and aggregative magnetic ions) in a magnetic semiconductor and then model the resulting magnetism phenomenologically, in terms of tunable effective magnetic ion concentration, on the base of mean field theory (MFT). 9, 11, 13, 20 For magnetic ion doped semiconductor NCs, the validity of the MFT, where all individual magnetic ion spins are smeared out as a single continuous field, still
remains as an open question. On the other hand, the advanced exact diagonalization (ED)
technique allowing for considering magnetic ions individually and yielding reliable results is however applicable only for small number of magnetic ions ( < 10 1 ) . [21] [22] [23] The lack of appropriate theoretical tools for analysis of magnetic NCs (especially the ones with the moderate number ( ∼ 10 1 − 10 2 ) of Mn ions as studied in this work) sets an obstacle for more exploration into those intriguing magnetic nanostructures.
In this work, we present theoretical and experimental investigations of the magnetism of 
RESULTS AND DISCUSSION
In this study, five samples (MCS504, MCS508 
According to Eq.(2), the magnetization and magnetic susceptibility of a Mn-doped NC supposedly can be calculated, which are = − � � T = ( ln ) and χ = defined in terms of the partition function, well obeys the Curie's law. 30, 31 Remarkably, the latter formalism shows that the product of magnetic susceptibility and temperature, ∝ ( + 1) , is invariant with varied temperature and reflects the magnitude of the total angular momentum .
Next, let us introduce additional AFM-interacting aggregative Mn ions into the Mn-doped NCs In figure 3b , the theoretical curve of (P=4, Q=4) is shown to best fit the experimental data of the MCS804 sample. Correspondingly, the estimated Mn concentration from the fitting of the T- figure 4a and 4b [ figure 4c and 4d]. Remarkably, the high degeneracies, as many as Again, we suggest that analyzing the T-dependence of the quantity is an excellent way to identify the charging effect on the enhanced magnetism of a magnetic ion doped NC. Figure 6c shows the calculated 's of the uncharged and singly charged magnetic NCs with P=4 and Mn aggregation of CdSe:Mn nanocrystals that are usually well hidden in the pronounced paramagnetism and hard to be exposed. It is shown that in our magnetic NC samples about 0~60% of magnetic ions aggregate and significantly reduce the total magnetizations. Moreover, we also show that analyzing the T-dependence of the quantity is an excellent way to identify the charge-controlled magnetism of a magnetic ion doped nanocrystal, being another remarkably advantageous feature of magnetic nanostructures in applications of spintronics and nanomagnetism.
METHODS
Sample preparation. The uniformity of NC size was controlled by growth time and further improved by a size selection procedure. 24 The crystalline structures, the morphology of the spherical shapes and the sizes of the NCs were confirmed from the high-resolution transmission electron microscope (TEM) images, as shown in the graphic in the graphical abstract. Mn ions are as many as ~10 36 , and countable only by using the efficient group theory technique presented in this section. A standard way to identify an anti-ferromagnetism, as commonly advised by most textbooks on magnetism, 2,3 is by means of analysing the T-dependence of the magnetic susceptibility at the low magnetic field, which typically show a maximal cusp at a finite temperature (referred to as the Neel temperature) for an anti-ferromagnet. Nevertheless, we found that such a cusp feature of crystals. The growth of nanocrystals was then terminated by cooling it to room temperature. The same synthesis method was also employed in the preparation of PbSe:Mn nanocrystals in our previous studies. 7 The as-synthesized nanocrystals were subsequently refined by using a sizeselection method.
Characterizations. The sizes, morphologies, and crystalline structures of the measured CdSe:Mn nanocrystals were estimated and observed by high-resolution transmission electron microscope (TEM) (See Figure S3 ). 6 The TEM measurements confirms the high crystalline quality of the nanocrystal samples. Besides, electron paramagnetic resonance (EPR) spectra of the nanocrystals were previously measured as shown in Figure S4 and Ref. 
